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A SIMPLE PROCEDURE FOR ASSESSING THERMAL COMFORT
IN PASSIVE SOLAR HEATED BUILDINGS*

William O. Wray
Los Alamos Scientific Laboratory
P.0. Box 1663
Los Alamos, MM 87545

ABSTRACT

The Fanger thermal comfcort equation is
linear izod and used to éoevelop a procedure
for assessing thermal comfort levels in
passive solar heatea buildings. In order
to relate oomfort levels in non-uniform
environments to uniform conditions, a new
thormul index callcea the "equivalent
uniform temperaturce” is introduced.

1. INTRODUCTION

The thermal sensatian experienced in a
given enclosure is a function of scveral
environmental and phiysiological
paramcters.  Anong those parameters are the
alr temperature, T, (dry Lulb), and the
mean ridiant tenprrature, Tpre AN
environment in which the mean radiant
tenporature is cgual to the air tenperature
1s paid to be thermally uniform. In
passive solar heated huildings the
existence of large glazed areas and massive
thermal storage cleroents tends to produce
non-uniform thermal environments.

Tw#o ratirmally deiived thermal imklices for
non-uniform environments, the "oporative
temperature® and the "humid operative
tenpel:aLilre," are presented in the ASHRAE
Handbook?, Both of thuse indices lack
gencrality and neitier is cxplicitly
related to thermal comfort. A new thermal
index, which we ciinose to call the
equivalent uniform temperature, is,
thereiore, defined in this paper. The now
index is based on the Fanger comfort
equatian,2 which i5 discussed below.

2. THE FANGER COMIORT EQUATION

The Fanger ocomfort equation {5 bascd on the
premise that the deygree of disocmfort
expericnced in a given thermal environment
is a function of the thermal load to which
the human bady is subjected. The thermal

load, I (W/m2), is defined as the
difterence between the metabolic rate of
heat generation in the body and the rate of
beat loss to the environment. When the
bady is in thermal equilibrium, the heat
load is zero and the comfort level is
presuncd to be at an optimum,

For the purposes of this research, it was
found convenient to introduce a lincar -
approximation for the fourth order
radiation transport terms appearing in
Fanuer's cquations,

The linear approximation is:

ﬂél = TI?I[') = 4 Tgv (Tcl = Tme) (1)
where  Tay = (To) + Te)/2

and Tel = clothing temperature at outer
suface (%K) .

Other variables appearing in Fanger's
equation are:

A« aclivity leve) (W/m2),

fc1~ ratio of c. :face area of
clothed body to surface area of
nude bady,

he = convective heat transfer
cocfficient (W/mé OK), and

Ici® dimonsionluss oxpression for

thermal resistance of clothing
(clo) .

Before introducing the equivalent uniform

temperature, we will solve the lincarized
equations under uniform conditions,

3. THE OPTIMUM UN1FORM QOMFORT TFMPERATURE

The optimum uniform comfort temperature,
Ty 18 obtained by solving the lincarized
Fanger equation under uniform conditions
with zero thermal load. Additionally, the
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area ratio, f.), is set equal to 1.15,
which is a value corresponding to medium
weight clothing. The convective heat
transfer coefficient is held conctant at
2.83 (W/m2 OK), which corresponds to a
relative air velocity of 0.1 m/sec. A
velocity of 0.1 m/sec is oonsidered
representative of free convective
conditions likely to exist within a passive
solar heated enclocure.

The linearized equations have been solved
numer ically under the constraints cited
above and the recults are presented in
Figs. 1 Ueouwjh 3, whidhi tepreseni reialive
humidities of 0, 0.3, and 1.0,
respectively. In each figure. the uniform
ocomfort temperature is presentec as a
function of activity level for four
distinct clothing insclation values. 1In
order to provide a fcel for the
significance of variations in the numerical
value of activity level and clothing
insuiation value, several reprecentative
cascs are given in Tables I and II,
respectively.

Table 1

Me:TADOLIC RATES FOR RFPRESENTATIVE
ACTIVITY LEVILS

Activity Metabolic Rate, A (W/m?)
Scdentary 58
(Office work)
Modium 116
(dowrest ic work)
High activity 174

(garage work)
Table II

CLOTHING INSUIATION VALUIS LOR
REPRESENCATIVE ENGEMBLES

Insulatiaon Value,

Clothing Enscmble Io) (clo)
Nule 0.
Light 0.5

(long lightweight trousers,
with short-slecve shirt)

Mndium 1.0
(typical busin:ss suit)
Heavy 1.5

(Traditional lusiness sui:
plus ootton ooat)

4. THE FQUIVALENT UNIFORM TEMPERATURE

The equivalent wniform temperature, Teye

i8 here defined as the unjitorm tengxrature
of an imaginary enclosure in which a person
will expericnce the same degree of thermal
oconfort as In the acteal non=uniform
environment. The functianal form of Tgy
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is obtained from the lincarized Fanger
equations which may be represented as a
series of "comfort lines" in (Tyr, Ta)
space. Each individual line is the locus
of all combinations of Ty and Ty which
yield an optimal ocomfort level for a
particular set of cnvironmental and
physiological parameters. A comfort line
can be completely chuaracterized by its
uniform temperature intercept, Ty, and
its slopc. s, as illustrated in Fig. 4.
The slope is indicative of the relative
importance of the mcan radiant temperature
and the eir temperature.

Now, suppose an occupant of a particular
building is not thermally comfortable,
i.e., he finds the enclosiure cither too hot
or too oold. For this situation, the point
represented by the actual mean radiant
temperature, ™ , and the actual air
temperature, T, will, be displacad

from the vomfort line as shown in Fig. 4,
Any excursion away from (Tgy, Ta)

that occurs paraliel to the associated
ocomfort line will causce no change in the
comfort level of the occupant, bocause
along such a path, variations in Ty and

T, are mitually comxnsating. Therefore,
lg a linc of slope s i extended from

(Thes Th) to the wiform temperature

line, the interuuwction point is the
"equivalent uniform temporature.” 1he
amount of dicoomfort expericnced at Ty,

is determined by the difterence between

Tey and the uniform cowfort terpurature,
Ty. Thus, Lhe concept of an equivalent
uniform temperature provicdes a basis for
quantitative determination of comjort
levels in mon-uniform chvironments in termy
of a single thermal index. Additionally,
since mxt prople are already accustomed to
relating thermal comtort to the air
temperature in uniform environments, the
equivalent uniform temperature can be
immediatcly related to subjective curfort
expectations on the buasis of past

exper ichce.
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In orcer to obtain an expression for Tgy,
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lige pu:;sing through a given point

(Tow:r Ta) with a slope s.
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The intersectian of this line and the
uniform termperature line is obtained by
setting Tpy and T, equal to T, in
B3. 1 and solving for Tq,
=f(.1 y " Sy N

Teu (1—‘5-) Yo * (:{-'1) Iy
or, dropping the asterisks to indicate the
general casc, we have

1 s .

Teu = (']—-‘s_) Toar * (:T—T) L )
The slope in Fq. 2 above jo obtained from
the lincarized Fanger cjuations with tie
thermal load, L, set equal to zero. ‘the
dependence of s on A, T ana relative
humidity is presented in 1’igs. 5 tnrowgh
7. The range of independent variubles
ocovered in Figh. 5 through 7 15 identical
to that covered in Figs. 1 tirough 3 fou
the wniform comfort temporature, such that
there is a aue-to-one correspondence of
data points in the two zots of fiqures.
Note that the importance ol the moan
radiant temperature relative to the air
temperaturce is cnhanced by low activity
levels, Jow clothing insulation levels, and
low relative twmiditics.

In gencral, the equivalent uniform
temperature will not be cequal to the
optimum unifovm terperature.  How mach may
the two indices differ before excessive
disooimfort results? This uestion is
addressed in the next section,

5. TIE COMPORT RANGE

As a moasurce for thermal consation, Fanger
chose to ue the poycho-pliveical ASHRAL
scale. The nunerical values associateu
with the ncale were shifted to provide
symnctry alout the noeutral point.

-1, slightly wol
v = 0, ncutral (3)
+1, slightly warm

The PMV (predicted mean vole) is a

numer ical value for comfort level which is
doterminexd for a wide range of
cnvaronmental. parameters on the b sis of
empirical data, Using his om data and
that of Nevins ot ald and rkoll

ct al,q Fanger determined the tollowing
relationship between the predicted mean
vote and the thermal load.

PMV = (.0352 ¢~ *036A

+ 0.032)1, . (4)
As the thermal load departs from zero, a
human subject approaches the slightly warm
or slightly wol condition deperding on
whether the Joad is positive or negative,
respectively.  wWhenh Brpe 4 is solved
aimiltancously with the linrarizad langer
cquation, it is pousible to determine the
conditiond under which the vinious thoermal

'/’-"-'JJ /

sensations in Bg. 3 are generated. For our
purposies we determine the temperature range
+ 4T about the optimum uniform temperature
within which a subjcct will experienc: only
slight disconfort by virtue of being either
too warm or too cool (PMV = + 1).

A human subject will then experience no
more than slight dicscomfort when the
equivalent uniform tempcrature, Tey, is
within the range

Tew = Ty + AT . (5)

The comfort range, AT, has bren evaluated
for Lthe same parameter space previously
used for the uniform coirfort temperature
and thce confort line slope. The results
are presented in Figs. 8 throuwgh 10.

Again, there is a one-to-one correspondence
of jindependent variables appearing in the
three sets of figures, 1 throwgh 3, S
throuwgh 7, and 8 through 10.

RELATIVE HUMIDITY = O

s r . r :
— 10
1= 1,03 P a
——1yet0 e
~10f == 1118 7 -
g /. - J
8ol e
Z /,”
x b ) .-".-- -
. 4/
OQL .
[
=
8 !r .
(]2 .
-2 U 1 1 1
° [¥) 100 150 200

ACTIVITY LEVEL (W, m?)

Fig. 8. Comfort range (relative humidity =
0.0).

RFLATIVE HUMIDITY » 0.5

o Y T T T
_—ll.o 2 T—
s, -

) I D

- | ==ty /' e

g._ N4

w / / - .

g .

< /7

x 4 vy ¢ =

[

- 1

o

gl- |
(-1 =
-2 1 1 1 i

] 80 100 1% 200
ACTIVITY LEVEL {(W/m?)

g‘“_. 9. Comfort range (relative humidity =
+5).



RELATIVE HUMIDITY = 1.0

’ L L [ I B
-—-l“-o
[ ] -
== 1,°05 e
”~
? . -
-
g ¢ -
S .
=
a4 -
-
§? N
w
N ]
[} L
[ -
ol 1 - — 1
0 20 100 150 200

ACTIVITY LEVEL (W/m?)
Fig. 10, Camfort range (relative humidity
= )1.0).

6. THERYAL OQFOPT ASSESTINT DGR
TYPICAL Q0ITIONS

In order to provide some gencral quidelines
for thernas oomfort analysisn in pussive
s0lar heated homes, consider a single case
which should be rcasonably reprosentative
of many situations. A relative humidity ol
50% is celected in order to represent an
average climatic situation,  The celected
activity level is socdentary (58 W/nd) and
a medium clothing insulation value ot 1.0
is chosen., I the hypothctical occupant
chooses to increane his oclivity lovel, he
can thon oonpensate by decrcasing tie
weight of his clothing and sLill maintuin
roughly the came confort level,  From Pig.
2 the optimum uniforin comlort tomperature
is found to he 220C (729). "le

comfort range of atout 4°C (/1) is

read from Fig., 9. Thus, the coufortable
temperature interval lies between 189C to
269C (or 659F to 7991). From g, 6

we find the comfoct line slope i -1.24.
Substituting this slope into Ix. 2 we
obtain the [ollaving relation for the
equivalent wnilorm tenperature.

}.
N

Tey = 45 Tpe + 55 T, .

Although the coefficients of Ty and T,
are actually situationally dependent, the
above expresision will yield acceptable
accuracy in many cases,

7. QONCIUSION

Jonstruction of passive solar heated
buildings continues at an accelerating
rate, and the cfiect of their
characteristic thermal non-uniformity on
occupant «ownfort has nmot received adequate
attention. As a general rule, existing
design procedures o address the comfort
problcn, but usually only in terms of the
air .emprrature, Other cnvironmental and
physiological parancters, the mean radiant
temperature in particular, are often
ignored.

The equivalent uniform tewperature defined
in this paper provides a single thermal
index which can be uzed as an indicator of
thermal cafort level in non-uniform
cnvironreont.s. .
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